Increased cone photoreceptor density, an avascular zone (FAZ), and the displacement of inner retinal neurons to form a pit are distinct features of the human fovea. As the fovea provides the majority of our vision, appreciating how these anatomical specializations are related is important for understanding foveal development, normal visual function, and retinal disease. Here we evaluated the relationship between these specializations and their location relative to the preferred retinal locus of fixation (PRL). We measured foveal pit volume, FAZ area, peak cone density, and location of the PRL in 22 subjects with normal vision using optical coherence tomography and adaptive optics scanning light ophthalmoscopy. Foveal pit volume was positively correlated with FAZ area; however, peak cone density was not correlated with pit volume. In addition, there was no systematic offset of the location of any of these specializations relative to PRL, and there was no correlation between the magnitude of the offset from PRL and the corresponding foveal specialization measurements (pit volume, FAZ area, peak cone density). The standard deviation of our PRL measurements was consistent with previous measurements of fixational stability. These data provide insight into the sequence of events during foveal development and may have implications for visual function and retinal disease.
Introduction
The normal fovea is a highly specialized region of the human retina, characterized by the foveal avascular zone (FAZ), complete displacement of inner retinal neurons (creating the characteristic foveal ''pit"), increased cone packing, and an absence of rod photoreceptors (Hendrickson, 2005; Provis, Dubis, Maddess, & Carroll, 2013) . While the fovea itself represents a relatively small area of the retina, it drives the majority of our visual function. Developmental disruption of the fovea in conditions such as albinism, aniridia, isolated foveal hypoplasia, and premature birth are linked with a decrease in visual function throughout life (Nelson, Spaeth, Nowinski, Margo, & Jackson, 1984; Quinn & Dobson, 1996; Summers, 1996) . Likewise, alterations to the foveal region in adulthood by conditions such as diabetic retinopathy and age-related macular degeneration result in a similar reduction in vision (Cunha-Vaz, Ribeiro, & Lobo, 2014; Zarbin, CasaroliMarano, & Rosenfeld, 2014) . Examination of the different aspects of foveal specializations and how they are related to one another will aid in the understanding of the anatomical basis of visual dysfunction in such conditions, as well as clarify models of normal foveal development.
In addition, while many tests of visual function are intended to test central vision (i.e., at the fovea), the preferred retinal locus of fixation (PRL) is actually the target of many of these tests. However, it is not known how the PRL relates to the different foveal specializations. Putnam and colleagues (Putnam et al., 2005) have shown that the PRL is offset from the location of peak cone density by about 50 lm, with no consistency in the direction of offset across the five subjects tested. However, this study only assessed fixation relative to the cone mosaic, not the FAZ or pit. It remains to be seen how the PRL is associated with other features of the fovea.
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Due to the heterogeneity in methods of defining and assessing foveal morphology, it is also important to understand the relationships between each of the existing foveal measurements. Here we suggest metrics for objective quantification of foveal pit size, avascular area, and photoreceptor mosaic specialization, and examine the relationships between them. In addition, we evaluated the location of each specialization (center of FAZ, bottom of pit, and location of peak cone density) relative to the PRL. The quantification of these metrics and relationships will allow better comparison of foveal morphology across studies and could provide an improved understanding of visual function and retinal development and disease.
Methods

Subjects
This study followed the tenets of the Declaration of Helsinki and was approved by the Medical College of Wisconsin Institutional Review Board. Written informed consent was obtained from all subjects (or an adult guardian for minors) after explanation of the nature and possible consequences of the study. Twenty-two subjects (6 female, 16 male) aged 13-67 years (average ± standard deviation = 31 ± 16 years) were recruited to participate in this study (Table 1) . Subjects with refractive error of 10 diopters or more, or with other vision-limiting pathology were excluded from the study. Subjects' self-reported ethnicities were Asian (n = 2), African American (n = 2), or Caucasian (n = 18). For the imaging experiments, each subject had one eye dilated and accommodation suspended using one drop each of Phenylephrine Hydrochloride (2.5%) and Tropicamide (1%). Axial length, used for calibrating the lateral scale of all retinal images, was measured using an IOL Master (Carl Zeiss Meditec, Dublin, CA).
Quantifying foveal pit metrics
Volumetric images of the macula were acquired using the Cirrus High Definition (HD)-OCT (Cirrus HD-OCT; Carl Zeiss Meditec, Dublin, CA). Volume scans were nominally 6 Â 6 mm (assuming a 24.46 mm axial length) and consisted of 128 B-scans (512 A-scans/B-scan). Foveal pit volume was calculated from topographical maps of retinal thickness as previously described (Wilk et al., 2014) . The bottom of the pit was located using the automatic ''Fovea Finder" of the Cirrus software.
Assessing the foveal avascular ZONE (FAZ)
Subjects' FAZs were imaged using OCT Angiography (RTVue XR 100 Avanti, Optovue, Inc., Fremont, CA; nine subjects), adaptive optics scanning light ophthalmoscopy (AOSLO; 11 subjects), or the Retinal Function Imager (RFI, Optical Imaging Ltd., Rehovat, Israel; two subjects). When possible, multiple OCT Angiography images were acquired, aligned, and averaged in ImageJ to achieve better signal-to-noise ratio (Schneider, Rasband, & Eliceiri, 2012; Thévenaz, Ruttimann, & Unser, 1998) (Fig. 1A) . AOSLO images were registered and averaged as previously described (Cooper et al., 2011; Dubra & Harvey, 2010) prior to manual montaging in Photoshop (Adobe Systems, San Jose, CA). For all imaging modalities, the boundaries of the FAZ were manually identified by a single observer (MAW) using ImageJ (Schneider et al., 2012) (Fig. 1A) . A mask was then constructed from the identified boundary points to create a closed contour defining the FAZ (Fig. 1B ) using MATLAB software (Mathworks, Natick, MA). The area of the FAZ was calculated by multiplying the area (mm 2 ) of one pixel, adjusting for ocular magnification, by the number of pixels encompassed by the mask. Similarly, the perimeter of the FAZ in millimeters was also computed from the mask. Acircularity was defined as the ratio of FAZ perimeter to the circumference of a circle with an area equal to that of the FAZ, as previously described (Tam et al., 2011) . In this approach, an acircularity of 1 corresponds to a perfect circle, and values greater than 1 indicate an increasingly oblong or irregular shape.
Measuring peak cone density
Confocal reflectance AOSLO images of the foveal cone mosaic were registered and montaged as described in Section 2.3. Peak cone density was estimated as previously described (Wilk et al., 2014). To summarize this method, a region encompassing the peak density was cropped from the montage. Each cone in the image was identified using semi-automated software (Garrioch et al., 2012) , and the density at each pixel in the image was computed by counting the cones within variable window sizes. The densities at each pixel for all window sizes were averaged, and the pixel with the greatest average density was deemed the location of peak density; this method is effectively similar to using a low-pass filter. The density at this location of peak density was then measured over a 37 Â 37 lm sampling window for comparison to histology (Curcio, Sloan, Kalina, & Hendrickson, 1990 ).
Determining the preferred retinal locus of fixation (PRL)
We used the AOSLO image sequences to determine the PRL (Supplemental Fig. 1 ). First, subjects were instructed to fixate on each of the four corners of the 1°-or 1.5°-wide AOSLO imaging raster. This allowed us to collect four AOSLO image sequences from equidistant naso-superior, temporo-superior, naso-inferior, and temporo-inferior locations relative to the center of fixation. The four image sequences were registered by rigid translation to a manually-selected reference frame to maximize their normalized cross-correlation (Cooper et al., 2011; Dubra & Harvey, 2010) , and the central pixel of each frame was tracked. Frames with a minimum of approximately 30% overlap with the reference frame were considered for registration, thereby excluding frames with partial blinks, significant motion artifacts, or large drifts. For each set of four registered sequences, the same number of frames were registered and averaged at each location to ensure equal weighting when calculating the center of mass. Images from the four locations were montaged to map the inferred fixation loci from each imaging location in a single coordinate space. These x and y values were averaged to determine the center of mass of the inferred fixation loci (x c , y c ), which was then considered the location of the PRL.
Calculating the offset of specializations relative to PRL
Images of the foveal pit, FAZ, and PRL were manually aligned to the cone mosaic in Photoshop (Adobe Systems Incorporated, San Jose, CA) by a single observer (MAW). Because functional measures of vision are generally anchored by the location of fixation, we chose to use the PRL as our reference point. The retinal location of each of the three foveal specializations (peak density, pit center, and FAZ center) was determined relative to the PRL.
Results
Variability in foveal specializations
We quantified common metrics of foveal morphology: pit volume, FAZ area, and peak cone density, finding that these were highly variable across subjects (Table 1, Fig. 2 ). Pit volume ranged from 0.021 to 0.18 mm 3 (mean ± standard deviation = 0.081 ± 0.038 mm 3 ), corresponding to an approximately 8.5-fold range in pit volume, which is less than the 11-fold variability previously reported (Wilk et al., 2014) . However, the sample size here is smaller (22 versus 64), and only two subjects here were of African descent, a population known to have larger foveal pits than Caucasian subjects (Wagner-Schuman et al., 2011) . Therefore, our data seem consistent with previous studies.
FAZ area was shown to range from 0.063 to 0.49 mm 2 (mean ± standard deviation = 0.24 ± 0.10 mm 2 ), a nearly 8-fold span, in agreement with previous reports (Bradley, Applegate, Zeffren, & van Heuven, 1992; Chui, VanNasdale, Elsner, & Burns, 2014; Chui, Zhong, Song, & Burns, 2012; Popovic, Knutsson, Thaung, Owner-Peterson, & Sjöstrand, 2011) . Perimeter values ranged from 1.24 to 2.68 mm (mean ± standard deviation = 2.07 ± 0.39 mm), with acircularity values ranging from 1.08 to 1.56 (1.25 ± 0.15), indicating substantial variation in FAZ shape. The variability of FAZ shape across subjects is illustrated in Fig. 2 . Maximum cone density ranged from 106,700 to 214,000 cones/mm 2 (mean ± standard deviation = 145,900 ± 26,900 cones/mm 2 ). This twofold range is consistent with previous in vivo studies (Li, Tiruveedhula, & Roorda, 2010; Putnam et al., 2005; Wilk et al., 2014; Zhang et al., 2015) but lower than the range reported in histology (Curcio et al., 1990) .
Relationship between foveal specializations
Two relationships among the foveal specializations are of particular interest due to the implications for development: the link between FAZ and pit volume, and the relationship between pit volume and cone density. Studies of foveal development suggest that the FAZ is required for formation of a foveal pit (Provis, , & Dreher, 1998; Provis, Sandercoe, & Hendrickson, 2000; Springer & Hendrickson, 2004; Tick et al., 2011) . In addition, no vasculature should be found in the area devoid of inner retinal layers, so the FAZ boundary should never be smaller than this region of the pit (Tick et al., 2011) . As such, we would expect there to be a strong relationship between the size of the FAZ and that of the pit. Consistent with this, we found that the pit volume was significantly correlated with FAZ area in our subjects (Spearman's rank correlation coefficient, r s = 0.73, p < 0.0001; Fig. 3A) .
Recently, we proposed that cone packing at the fovea did not require a foveal pit, as seen in subjects with albinism; however, additional cone packing may be facilitated by the presence of a pit, contrary to previous models of development (Wilk et al., 2014) . While subjects with albinism that had pits also had higher peak cone densities, the peak cone density in these subjects was still quite variable (Wilk et al., 2014) . These data would suggest that there might not be a strong relationship between peak cone density and pit size in the normal population, and our data support this hypothesis (peak cone density versus pit volume: r s = 0.032, p = 0.9; Fig. 3B ).
Location of foveal specializations
The location of each specialization relative to the PRL varied across subjects (Table 2; Figs. 4 and 5). The average (±standard deviation, range) distance between the PRL and the FAZ center was 61 lm (±31 lm, range 9.5-120 lm). Nine subjects had FAZ centers temporo-inferior to the PRL, five were temporo-superior, five were naso-superior, and three were naso-inferior. The bottom of the pit was offset by 7.2-177 lm (mean ± standard deviation = 80 ± 38 lm) relative to PRL. In 10 subjects, the pit was temporo-inferior to the PRL, eight were temporo-superior, three were naso-superior, and one was naso-inferior. The location of peak cone density was offset by an average of 63 ± 50 lm (range 20-263 lm). It fell temporo-inferior to the PRL in eight subjects, temporo-superior in seven, naso-inferior in four, and nasosuperior in three subjects. There was no consistent pattern in the proportion that each metric's offset contributed to the total offset across subjects (Fig. 5A) . We wondered if the offset of each specialization would be related to the magnitude of the metrics; however, there was no relationship between the offset of individual specializations relative to PRL and the corresponding metric value (FAZ: r s = À0.07, p = 0.8; pit: r s = 0.30, p = 0.2; and cone density: r s = À0.29, p = 0.2; Fig. 5B-D) .
Of note, the standard deviation of the fixation points was consistent with previous measures of fixational stability (Barlow, 1952; Putnam et al., 2005; Steinman, Haddad, Skavenski, & Wyman, 1973) . The fixation data for each subject can be seen in Supplemental Fig. 2. 
Discussion
Implications
From our data, no clear spatial relationship exists among foveal specializations and PRL. As such, tests of visual function that rely on fixation are often not testing vision at the peak cone density, bottom of the pit, or center of the FAZ. This unpredictable organization complicates the issue of defining the fovea. While strictly speaking the fovea refers to the pit, it has been used to reference other specializations -e.g., location of peak cone density or PRL (Carroll, Neitz, Hofer, Neitz, & Williams, 2004; Cooper et al., 2011; Wilk et al., 2014) . The data presented here emphasize the importance in defining the true feature of interest rather than using the generic term ''fovea". . It has also been shown that the FAZ is formed prior to the foveal pit in monkeys (Hendrickson, Troilo, Possin, & Springer, 2006; Provis et al., 2000) . Modeling data from Springer and Hendrickson (2004) predicted that it is the absence of foveal vasculature in conjunction with intraocular pressure and growthinduced retinal stretch that gives rise to the primate foveal pit. In Fig. 4 . The co-localization of peak cone density, FAZ, pit, and PRL varies across subjects. FAZ images acquired with OCT angiography for a subject with a small FAZ but large offset between the foveal specializations and PRL (A, JC_0007), and a subject with average FAZ area and close co-localization of foveal specializations and PRL (B, JC_0200). Crosses denote the average PRL, with the length of the lines representing 2 standard deviations in PRL for the horizontal and vertical directions. Squares correspond to the FAZ center, circles represent the bottom of the foveal pit, and triangles mark the location of peak cone density. Scale bar = 500 lm. (C) A scatter plot illustrates the nonpreferential direction offset of each specialization from the PRL in each subject. Squares, circles, and triangles again represent the FAZ center, bottom of the foveal pit, and location of peak cone density, respectively. X and Y axis units are in microns.
fact, their data suggested that without the FAZ, and subsequent altered elasticity, the passive forces of pressure and stretch could not generate a pit (Springer & Hendrickson, 2004) . To further support this claim, several studies show a direct link between lack of a pit and lack of an FAZ in humans (Azuma, Nishina, Yanagisawa, Okuyama, & Yamada, 1996; Marmor, Choi, Zawadzki, & Werner, 2008; McGuire, Weinreb, & Goldbaum, 2003; Walsh & Goldberg, 2007) , and to our knowledge, no studies have shown presence of a pit in the absence of a FAZ (Provis et al., 2013) . While foveal pit diameter appears to be unaffected by the size of the FAZ, there is evidence that smaller FAZs correlate with increased foveal thickness -i.e., shallower pits (Tick et al., 2011) , in premature infants (Yanni et al., 2012) and adults (Chui et al., 2012; Samara et al., 2015) . Furthermore, Dubis et al. found a significant correlation between FAZ area and pit area, depth, and volume . Therefore, our data showing a significant correlation between pit volume and FAZ area are consistent with these data and with models suggesting a dependence of pit formation on the presence of the FAZ.
We recently proposed a hybrid model for foveal development which incorporates both active and passive aspects of foveal development to bring about increased cone packing at the fovea (Wilk et al., 2014) . This model predicts that the presence of a pit facilitates additional cone packing, and in the absence of a foveal pit, cone packing occurs but is reduced. Our present data show no correlation between pit volume and peak cone density, suggesting that perhaps it is the presence of a pit, however small or incomplete, that allows for normal levels of cone packing to occur. However, there are cases of foveal hypoplasia in albinism in which peak cone density is normal or near normal (Wilk et al., 2014) . It is, therefore, unclear what mechanism guides cone packing. Studies in macaque suggest gradients of FGF (fibroblast growth factor) are responsible for cone elongation at the fovea (Cornish et al., 2005) . Due to strong cell-cell associations, cones ''stick together" as they elongate, thereby increasing cone density (Provis et al., 2013) . It would be interesting to see if the FGF gradients also exist in the human retina, and if so, whether or not they are altered in cases of reduced cone packing. If these same gradients exist in the human albinotic retina, perhaps there is a more complex interplay between the passive and active models of foveal development than originally recognized. Future studies on these gradients in humans are needed to better understand this relationship.
Limitations
There are several limitations to this study. First, most subjects in this study are Caucasian. Since there are race-related differences in pit morphology (Wagner-Schuman et al., 2011) , our limited number of African American and Asian subjects may not capture the true range of foveal morphology. Likewise, subjects with very high peak cone densities were excluded from this study, as the foveal cones could not confidently be identified due to the resolution limit of our current AOSLO. These factors limit the range of foveal morphology examined here, and alternative methods would be required to explore the full range of morphology that exists in the general population.
Another limitation is that three separate modalities were used to image the FAZ of our subjects. The resolution differences Fig. 4C ). Subjects are ranked from the greatest cumulative offset (top) to closest clustering of specializations (bottom). There is no consistency in the contribution of each specialization to the total offset across subjects. (B-D) The offset of each specialization was not correlated with the magnitude of that specialization (FAZ area, pit volume, or peak cone density).
between devices could affect the defining of the FAZ. However, comparison of FAZ area measurements from two imaging modalities in the same subject yielded very similar data (average % difference in FAZ area = 6.5%), suggesting consistency between methods (Supplemental Table 1 ). Previous work by Dubis et al. (2012) also showed agreement in FAZ area values obtained with different techniques. Relatedly, different modalities (OCT and AOSLO) were used to image the various features of foveal morphology (FAZ, pit, and cone mosaic). The different images acquired were manually overlaid to assess the location of each specialization relative to the PRL. The alignment of different imaging modalities is a challenging, manual process and requires distinct landmarks, such as blood vessels, to approximate the position. The degree to which small errors in the alignment process affect the relationships examined here is unclear, though we would not expect that the alignment would differ in relation to any of the foveal metrics, so it likely comes across as noise in our measurements.
An additional limitation in this study is the error in measuring PRL. Previous studies have shown that the size and shape of the fixation target affects the stability of fixation (McCamy, Najafian Jazi, Otero-Millan, Macknik, & Martinez-Conde, 2013; Steinman, 1965; Thaler, Schütz, Goodale, & Gegenfurtner, 2013) . Here, we used a 1.0 or 1.5°red box (the illuminated raster in the AOSLO), and subjects were asked to fixate on the corners of the box. Presumably, attempts to fixate on the center of a large box would result in errors in locating the actual center. To evaluate this, we included a smaller dim box within the large box by modulating the scanner and imaged a small group of normal subjects (n = 10). Inclusion of the smaller target within the large box provided a PRL that more closely aligned with the average of the four corners and was significantly offset from the PRL as determined from the large target alone (data not shown). In addition, inclusion of the small target significantly improved fixation stability (reduced standard deviation of PRL) in the 10 subjects (data not shown). As such, analyzing only the four corners in our subjects likely mitigated this effect. However, this brief study brought to light other sources of errors in our measurement of PRL. First, our PRL measurements have been done using different versions of the AO ophthalmoscope with and without modulation of the imaging light source. When the modulation was on, the subject would see a dim outer edge extending approximately 40 pixels to one side of the imaging raster horizontally and 5-10 pixels to one side vertically; the presence of the dim edges could alter the chosen point of fixation if not clear which corner is the intended target. This shift in fixation would occur across all image sequences in that imaging session and corresponds to about 2 standard deviations in the fixation stability. While the offsets due to the light source modulation remain in our data, it is unlikely that their correction would change our results, given the non-preferential direction of the foveal specialization shifts relative to the PRL across subjects. However, knowing that these limitations exist, they should be accounted for in the future.
Conclusions
Here, we have shown that the location of the different foveal specializations is variably offset from the PRL. In addition, we've shown that pit volume is correlated with FAZ area, but not with peak cone density. These results have implications for models of foveal development, and more research into the mechanisms responsible for cone packing is required to better understand these relationships. Further exploration of the interactions between foveal specializations and fixation will provide insight that could be helpful in the development and targeting of therapies for retinal disease.
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